Abstract: Cerenkov Emission (CE) during external beam radiation therapy (EBRT) from a linear accelerator (Linac) has been demonstrated as a useful tool for radiotherapy quality assurance and potentially other applications for online tracking of tumors during treatment delivery. However, some of the current challenges that are impacting the potential of CE are related to the limited detection sensitivity and the lack of flexible tools to fit into an already complex treatment delivery environment. Silicon photomultiplier (SiPM) solid-state devices are new promising tools for low light detection due to their extreme sensitivity that mirrors photomultiplier tubes and yet have a form factor that is similar to silicon photodiodes, allowing for improved flexibility in device design that may help in the process of wider clinical applicability. In this paper, we assess the feasibility of using SiPMs to detect CE during EBRT from a Linac and contrast their performance with commercially available silicon photodiodes (PDs). We demonstrate the feasibility of the SiPM-based probes for standard dosimetry measurements. We also demonstrate that CE optical signals can be detected from tissue depths about five times greater than that for standard probes based on PDs, making our SiPM probe an enabling technology of CE measurements, particularly for deep tissue applications.
Introduction
Radiotherapy is widely used in the treatment of malignant tumors with more than 60% of all cancer patients receiving ionizing radiation as a main part of their treatment [1] . It is recognized that the efficacy of radiation treatment is highly dependent on the accurate delivery of radiation dose up to the lesion boundary. Currently, evaluating the efficacy of radiation treatment is generally an offline process where radiation technologists use added margins during the planning process and make setup adjustments based on cone beam computed tomography (CBCT), just prior to delivery of high levels of ionizing radiation. The use of added margins is to account for inaccuracies in patient placement on the treatment table and internal organ motion uncertainties, thus exposing both heterogeneous cancerous and non-cancerous tissues in parallel to high energy ionizing radiation. This also inadvertently results in inefficient tumor cell kill and increased exposure of surrounding vital normal tissue causing inflammatory reactions and other detrimental radiation-related side effects. Therefore, methods for detecting radiation during delivery (i.e., in vivo dosimetry) are needed to improve targeting accuracy and reduce radiation-induced side effects.
The induction of an intrinsic, optical emission signal during irradiation treatment, known as Cerenkov Emission (CE) has been shown to be detectable during external beam radiotherapy (EBRT) delivery by clinical linear accelerators (Linacs) [2] - [5] . CE is generated as visible light when charged particles (in this case, secondary electrons) travelling at speeds larger than the phase velocity, v p , of light polarize the medium along its track by energy transfer to the surrounding molecules through Coulombic interactions. Subsequently, the electric dipoles created in the medium are de-excited by photon emission. If the particle speed is larger than v p , the polarization becomes asymmetric along the particle track because dipoles de-excite more slowly than they are created [6] . CE has a characteristic spectrum whereby the intensity of the light produced is inversely proportional to the wave length, i.e., primarily in the blue and ultraviolet (UV) part of the electromagnetic spectrum; this results in a low photon count through human tissue due to absorption by hemoglobin circulating the blood, skin melanin, and bilirubin [7] , [8] .
Although CE is well known in the field of radiation physics, its exploitation in cancer imaging is only beginning to be realized recently. It has been investigated for potential applications in radiation dosimetry [2] , [9] - [11] and tracking during radiotherapy [12] , using superficial (1-2 mm deep) CE measurements to map radiation dose from Linacs. However, CE measurements from deep tissue (for example, within the breast) is currently limited by the combination of the sensitivity of current photo-detectors, which are mainly based on complementary metal-oxide-semiconductor (CMOS) or charge-coupled devices (CCDs) as well as inverse square losses of CE optical photons when using a camera to image from a distance. To address these limitations, we propose to use a flexible and effective approach based upon a novel design of on-body optical probes incorporating extremely sensitive Silicon Photomultipliers (SiPMs) to map the delivered dose by radiotherapy in real time (see Fig. 1 ). Placing the optical probes directly onto the surface mitigates the optical inverse square losses, making this approach more suitable for deep tissue measurements, where very few optical photons are leaving the surface. These types of probes can easily be integrated into patient positioning and immobilization devices (such as radiation treatment brassieres that are used to conform the breast to a reproducible shape) and to reduce set up complexities.
Important advantages of SiPMs include their superior response in the blue range of the electromagnetic spectrum and their well-known extreme sensitivity, similar to a conventional photomultiplier tube; these characteristics can enable SiPMs quantify low-level CE signals down to the single-photon level. These SiPM devices are built from an avalanche photodiode (APD) array with different quenching resistors printed onto a common silicon substrate [13] . Unlike CCDs, SiPMs can be read in parallel like CMOS but with much higher sensitivity, which makes them an attractive choice for recent medical imaging detector applications such as Single Photon Emission Computer Tomography (SPECT) and Positron Emission Tomography (PET) [14] , [15] . SiPMs have also recently been used for both continuous and time domain optical measurements [16] , [17] . Ferocino, et al., have recently built a SiPM-based 8-channel detection chain for time domain optical mammography to improve the signal level and system robustness (to bring it into the clinic) [18] . Related to our work, improved imaging of CE from internally injected radioisotopes (β+ emitters) was demonstrated using SiPM-based detectors, compared to standard CMOS/CCD cameras [19] , [20] . In addition, Mouthino et al., reported the design of a low-dose rate brachytherapy dosimeter using a scintillating fiber optic coupled to a SiPM [21] .
In this paper, we focus on introducing our design for capturing useful CE signals during EBRT. This design uses a custom multi-channel SiPM-based optical probe for CE measurements that may be placed on the skin during EBRT. We first describe the overall design of the probe and then characterize the performance of the SiPM-based optical probe for dosimetry measurements in a water tank. This is followed by a comparison with a silicon photodiode (PD) probe for detecting optical signals deep inside tissue (ground pork is used for this comparison). Note that in this case the CE signal falls mostly outside of the near infrared biological optical window (650 nm-900 nm) [22] , and thus constitutes a challenging test to demonstrate the potential of using SiPMs for deep tissue CE optical measurements.
Materials and Methods

SiPM Design for External Beam Radiotherapy Applications
The 4 mm 2 (active area) probe is designed around four 1 mm × 1 mm SiPMs (SensL MicroFC-10035-SMT) pixels. Each pixel corresponds to a single channel. The probe itself is mounted onto a flexible substrate that allows the probe and the flexible connector (which supplies power to the probe and carries the signal from each SiPM pixel) to act as an integrated and flexible single device. Having a flexible substrate would also allow multiple probes to conform properly to arbitrary tissue shapes (e.g., in the breast case as shown in Fig. 1 or other body tissues in case of head and neck or lymphomas). The overall dimensions of the probe region are 6 mm wide, 5 mm long, and 1.5 mm thick. The flexible cable is 3.7 mm wide and can be up to 25 cm long. At the other end of the flexible cable is the controller, which generates power for the probe and amplifies the return signals. , CE induced in any extra material on top of the SiPM, such as a transparent plastic wrap to act as a biological barrier between the probe and phantom). Data acquisition is gated to the Linac target trigger and signals from all four channels are collected simultaneously using an oscilloscope (GW Instek GDS-3504); this collected signal corresponds to a single Linac pulse. The oscilloscope transfers data to a computer for further processing (as shown in Fig. 2 ). The difference is taken between one open pixel and an adjacent light-blocked pixel. This difference yields the optical signal that is purely from the CE of the phantom during a single Linac pulse, removing any signals that result from direct x-rays and signals that may result from CE generated in any media associated with the probe (i.e., background stem effect). The choice of which adjacent pixel is light-blocked depends on the geometry of the measurement. For example, if measurements are taken horizontally (such as looking at a horizontal gradient of CE intensity), the adjacent light-blocked blocked pixel should be vertically oriented relative to the open light detection pixel, thus keeping them on the same plane with respect to the signal gradient.
For all measurements, the entire set-up (including phantoms) is wrapped in a light blocking fabric (ThorLabs BK5 black rubberized plastic) and the treatment room lights are turned off to reduce any background optical signals. Data acquisition is gated to individual Linac pulses by triggering the oscilloscope to the target output (which is the current generated when electrons strike the tungsten target to produce 6 MV x-rays) of the Linac. Each trace is an average of 32 traces from individual Linac pulses. The amplitude is measured during post-processing and a total of 10 amplitude measurements are collected and averaged. All data for subsequent experiments, unless otherwise noted, are acquired in this fashion. The treatment room temperature is controlled using the HVAC thermostat, the temperature was 69 ± 1°F for the duration of the experiments.
CE Dosimetry in Water Using the SiPM Probe
CE was stimulated using 6 MV photon beam generated in a Linac (Varian TrueBeam) and measured using the SiPM probes that are gated to the Linac target trigger. Instantaneous dose is defined here as the dose delivered during an individual Linac pulse. The signal pulse height (in V) from the SiPM probe is proportional to the intensity of CE during that pulse, which is in turn proportional to dose.
Initially, measurements of CE intensity versus depth inside a water tank were taken to generate percent depth dose (PDD) curves using the SiPM optical probes at 6 MV. The water tank is setup at 100 cm Source to Surface Distance (SSD). As a reference, SiPM measurements are compared to ion chamber PDD measurements in a water tank that were acquired at 100 cm SSD during the linac commissioning. In order to spatially localize CE, a light collimator is used since the probe signal is an integration of all of the CE within the solid angle of acceptance of the probe, hence reduction this solid angle of acceptance would improve the probe's spatial resolution. The light collimator, which consists of a black hollow tube with a length of 22.5 mm and an inner diameter of 4.15 mm, is attached to the SiPM probe to reduce the solid angle of detection for the probe from 2π steradian to approximately 0.006π steradian, as seen in Fig. 5 . The edge of a 3 × 3 cm radiation field is placed 9 mm from the surface of the collimator of the SiPM probe and 4 mm from the tank surface; depth, z, is measured from the center of the top two pixels of the probe to the water surface, as shown schematically in Fig. 6 . The probe pixel for light collection (i.e., not blacked out) is aligned to the center of the field. The probe position is adjusted by using a motorized translation stage (Thorlabs MTS50-Z8) controlled from the treatment room. The depth range is measured from 0 mm to 80 mm, with 2.5 mm intervals until a depth of 20 mm, followed by an interval of 5 mm until 40 mm, followed by an interval of 10 mm until 80 mm.
Due to the divergence of the radiation beam, the distance between the surface of the probe collimator and the edge of the field's distance varies with depth (as shown in Fig. 7 ) since the probe's distance to the tank surface is held constant; therefore, a correction factor as a function of the tank depth is applied for each depth point using similar triangles and the inverse-square law. This correction factor gives the intensity value as if the source was positioned at isocenter.
The intensity is adjusted using the equation:
Where I adjusted is the corrected intensity signal, I raw is the measured intensity at each depth point. As shown in Fig. 7, d 0 is the initial distance between the edge of the field and the collimator surface (e.g., at isocenter), and d n is the distance between the edge of the field and the collimator surface at each depth, which is defined as:
Where FieldWidth 0 is the field-width in the direction normal to the SiPM probe at isocenter and F i eldWi dth n is the field-width at subsequent depths, which changes (using similar triangles) as:
where z, denotes the depth in water. This correction is denoted as the simple edge correction. Additionally, we have considered another correction factor which takes into account the far edge of the field that is moving away from the SiPM probe. We generate this correction factor by integrating the intensity from the close edge of the beam to the far edge of the beam (assuming a non-diverging line of sight), this correction is denoted as the line integral correction. Lateral scans are taken for 2 × 2 cm and 3 × 3 cm 6 MV fields at 100 cm source to axis distance (isocenter) with a water depth of 10 cm, as shown in Fig. 8 . Since the distance between the edge of the field and the collimator remains constant during the lateral scan, a beam divergence correction factor is not necessary here (as opposed to PDD measurements where the field-edge and collimator distances both change with depth).
In order to quantify the spatial resolution of the probe, an edge spread function (ESF) is generated by blacking out a portion of the water tank and performing a lateral scan across the interface between the uncovered and blacked out regions of the water tank, as seen schematically in the top of Fig. 9 . This resolution is heavily dependent on the geometry of the collimator and probe, which determines the solid angle of acceptance, as well as the distance from the collimator surface and axial width of the field (field size dependence). The ESF is generated under the same conditions as the PDD as well as the 3 × 3 cm lateral scan, and thus is only valid for those conditions. To determine the line spread function (LSF), the ESF points are interpolated (to generate more data points) using a spline function and is numerically differentiated. The modulation transfers function (MTF) is generated from the Fourier transform of the LSF (which is shown in Fig. 13 in the Results and Discussion sections).
Next, the ability to measure gradients in the radiation field by discerning changes in CE intensity during each Linac pulse is assessed. A small rectangular field size of 0.5 × 1 cm is used, where the 0.5 cm is the width of the field from the SiPM probe perspective. For this particular set of measurements, the probe was placed directly onto the surface of the tank with no collimator. A gradient is introduced by using 60°and 30°physical wedges which are subsequently attached to the head of the Linac. The optical phantom consists of a water tank filled with municipal tap water. As shown schematically in Fig. 10 , the center of the SiPM optical probe is attached to the outside of the tank and is aligned at 100 cm source-to-axis distance (SAD) with a water depth of 10 cm, corresponding to 90 cm source-to-surface distance (SSD). The field is then scanned across the wedge in a "step and shoot" fashion by adjusting the collimator jaw positions asymmetrically on the Linac. The probe position and the field stay fixed with respect to each other by adjusting the treatment couch position to move the relative probe position; since the water tank is perturbed due Fig. 10 . Side view of the experimental setup. The probes are aligned so they are at a constant depth from the water surface (10 cm); a 0.5 × 1 cm 6 MV field is scanned across the physical wedge (30°and 60°) while the SiPM probe is repositioned to track the field.
to couch movement, the water is given 60 seconds to settle. Since measurements are taken along a gradient in the horizontal axis, the pixel adjacent and below to the open (light measuring) pixel is chosen to be the light-blocked pixel. This subtracts out any stem effect and stray radiation signals (which are on the order of 5% of the total signal collected from the open pixel) along the same point within the gradient.
Film dosimetry was used as a benchmark to compare the CE measurements. Radiochromic film was sandwiched between blocks of water-equivalent plastic, with 10 cm of solid water on top of the film, which is placed at 100 cm SAD to simulate the experimental conditions used for CE measurements. For these measurements, the film was irradiated with 2 Gy along the beam central axis with a 15 × 15 cm 6 MV field.
SiPM/Photodiode Comparison in Tissue
A photodiode (PD) system is used as a benchmark comparison for the SiPM probe, which consists of a commercial mounted silicon photodiode (Thorlabs SM05PD3A), DC Bias Module (Thorlabs PBM42), and a transimpedance amplifier (Texas Instruments OPA659) adjusted to have the same nominal amplification as that used for the SiPM probes (2200 V/A). The signal is acquired using the same oscilloscope (GW Instek GDS-3504) as for the SiPM Probes.
To simulate a soft tissue scenario, a phantom consisting of ground pork with a fat content of 12.4 vol% is used since it has both muscle and fat making it useful as a generic tissue phantom representing breast, head and neck, and tumor tissue types. Ground pork is placed into a 10 × 10 × 10 cm black painted acrylic box (with a thickness of 3 mm) and shaped to the geometry of the box. The top of the box is open with the ground pork flattened at the same level as the box, as seen on the top of Fig. 8 . A clear polyethylene wrap (Saran wrap) is wrapped around the probe to act as a protective barrier between the SiPM/photodiode probe that is placed on top of the ground pork phantom. The photodiode probe itself has a limited acceptance solid angle (0.7π steradians) due to the geometry of the photodiode mounting. In order to make the SiPM comparable, a holder was made to reduce the acceptance solid angle of the SiPM probe from 2π to (0.7 ± 0.1) π steradians. The bottom panel of Fig. 11 shows a schematic of the experimental setup. CE from a 1 × 3 cm 6 MV field is measured at various depths in the ground pork phantom, which is varied by adjusting the height of the treatment couch. Depth, d, is defined as the distance from the top edge of the field to the SiPM/PD. The probes are placed at a distance of 100 cm SAD, positioned 1.5 cm from the entrance side of the radiation field for maximum buildup of radiation dose. Measurements taken with black-out cloth material wrapped around the probes are subtracted from the overall measured signals at each depth to account for any CE originating from the polyethylene food wrap.
Results and Discussion
CE Dosimetry in Water Using the SiPM Probe
The top of Fig. 12 shows the measured lateral profile over an opaque edge. Over the opaque region, there is still a non-zero signal (0.05 V), this is from a background overall glow due to scattered CE in the water tank. The bottom of Fig. 12 shows the derived modulation transfer function and line spread function. The system spatial resolution, which is the full width half maximum (FWHM) of the line spread function, is 3.5 mm. Spatial resolution is a function of the collimator dimension and the spatial sampling interval. With a narrower collimator (keeping the length constant), the solid angle of detection can be reduced. Combined with finer spatial sampling intervals, a higher resolution can be obtained, though at the cost of lower signal strength, which can be offset with the higher sensitivity of the SiPM. On the other hand, imaging-based detectors (such as CCDs) are capable of finer resolution, but have lower signal gain, thus limiting CE measurements to superficial depths.
Lateral scans of 3 × 3 cm and 2 × 2 cm 6 MV fields are shown in Fig. 13 . Compared with calculated lateral scans from the treatment planning system (TPS), the penumbra is more pronounced, never falling to zero in the same scan range (i.e., reduced contrast). This is from a combination of aperture effects from the collimator (the probe is integrating over a solid angle), as well as scattered background optical photons.
The top panel of Fig. 14 shows a comparison between the normalized CE intensity, measured using the SiPM probe, and the percent depth dose (PDD) ion chamber measurements in water during the commissioning of the same Linac used in our experiments. Qualitatively, the data from the SiPM does show a build-up region followed by a fall-off region, as expected from a MV photon field. In the fall-off region, the SiPM probe is clearly overestimating the PDD; this is partly due to the geometry of the radiation beam: as it diverges, a correction factor must be used to take into account the change in distance between the edge of the field and the SiPM probe (as shown earlier in Fig. 7 ). This simple edge correction takes into account for such geometric effects in the effective point of measurement of the SiPM probe (see Section 2.2 above -Equation 1). Using this correction factor, the fall-off region of the SiPM probe is now closer to what is obtained from ion chamber measurements, as shown by the red dashed line in Fig. 15 . The residual standard deviation between the simple edge-corrected SiPM CE intensity and the ion chamber PDD measurements (see Fig. 15 , lower panel) is 2.4%. When considering that the edge furthest from the SiPM probe, the line integral correction is applied (see Section 2.2 above). This results in a SiPM PDD (blue dashed line in Fig. 15 ) that didn't agree as well with the ionization chamber PDD compared to the simple edge correction factor, which is subsequently adopted herein. Incidentally, previous work [11] has shown, using a CCD camera to image the relative CE intensity, that the PDD was underestimated by the CE in the fall-off region. Radiochromic film measurements were again used as a comparison. The center of the film was normalized to arbitrary units and compared with the CE measurements. Qualitatively, the CE measurements match with the film measurements (i.e., the slopes are steeper for the 60°wedge vs the 30°wedge). There is deviation between the slopes of the film measurements, −2.389 × 10
vs −1.386 × 10 −3 (a ratio of 1.72) and −6.360 × 10 −3 vs −4.882 × 10 −3 (a ratio of 1.30) for the 30°a nd 60°wedge, respectively. However, although the trends are consistent, there are deviations that can be attributed to two sources. The first and most prominent source is that the measurements with the SiPM probe are taken with an aperture averaging technique. From the perspective of the probe, the field is 0.5 cm; since there is a physical wedge, the output signal from the probe is the integration of the signal over that gradient. The other source of deviation may be due to slightly different film measurement conditions compared to the CE measurements. Film measurements were taken using a continuous field whereas the probe measurements are taken at discrete points. Table 1 shows the signal strength (in mV) for a both the SiPM and the photodiode (PD) at various ground pork depths, which is defined as the distance between the edge of the 6 MV 1 × 3 cm field and the probe surface (as shown in Fig. 11 ). As depth increases, the ratio of the SiPM-to-PD signal strength increases. After 5 mm, the PD signal is barely perceptible and after 7 mm of depth, . Beyond 35 mm, the SiPM is still acquiring a signal, however, this signal is no longer changing with depth, suggesting that subsequent signals are from an overall baseline signal from scattered photons, which is also seen as the baseline signal in the edge spread function measurements in Fig. 12 and is treated as background noise. The peak of the CE is in the blue, which is outside of the biological optical window. In particular, absorption of blue light, for example by myoglobin in the ground pork phantoms employed here, leads to considerable weakening of the CE signal. Furthermore, current photodetector technologies such as photodiodes and CCDs are generally not as sensitive to blue light as other wavelengths. These factors present significant challenges for deep tissue CE measurements. On the other hand, the SiPM optical probe described here has distinct advantages over current detection methods such as photodiodes and CCDs, and thus constitutes an enabling step for using deep tissue CE for in vivo dosimetry by allowing for dose measurements deeper into the tissue than other optical imaging modalities.
SiPM/Photodiode Comparison in Soft Tissue
For deep tissue optical measurements (>5 mm), every optical photon is valuable as only a small number of photons are escaping the tissue, this becomes particularly important if narrow spectral ranges are measured or if the signal lies outside of the biological window (where optical absorption from blood in tissue takes place). By placing an optical probe directly onto the skin, all optical photons leaving the tissue are collected, eliminating inverse square losses in intensity during standard imaging. For this application, SiPM-based optical probes are ideal. Silicon photodiodes also excel as optical probe sensors due to their form factor and work well for superficial tissue measurements (such as for pulse oximeters, [23] ); however, for deep tissue CE measurements, photodiodes lack such sensitivity, as demonstrated above. Intensified charge coupled devices (CCDs) and complementary metal oxide semiconductor (CMOS) devices offer excellent sensitivity but do not have the compact form factor of SiPMs/photodiodes (for example, most CCD cameras require active cooling to reduce thermal noise in low light application [24] ), thus they must be placed at a distance away to image a region of interest, limiting their potential for deep tissue optical measurements (though they are excellent for superficial tissue optical measurements). Photomultiplier tubes (PMTs) also do not have a form factor that is congruent with compact optical probes, require a large bias voltage (∼1,100 V), and can accommodate a single channel only. Table 2 provides a qualitative summary of different optical devices and contrasts their application for CE. Future work will provide more quantitative analysis as these technologies become more mature in low photon counting applications such as CE.
Conclusion
While there are significant challenges with probing tissue which strongly scatters light, this work has shown the feasibility of using SiPMs as high-sensitivity optical sensors enabling novel deep-tissue applications of Cerenkov Emission (CE) during external beam radiotherapy (EBRT). In particular, our results demonstrate the superior performance of SiPMs in very low light conditions compared to silicon photodiodes, allowing for the detection of weak CE within tissue at depths approximately five times greater than existing technologies are capable of. This has important implications for achieving true in-vivo dosimetry and enabling real-time adaptive radiotherapy. In this context, our findings are a key demonstration that it is possible to obtain real-time quantitative treatment guidance, specific to the actual treatment volume. Future possibilities enabled by our approach are envisioned to take EBRT beyond conventional anatomical and functional guidance to include biological and molecular signatures encoded in the deep-tissue optical response of normal and cancerous tissue to CE, as will be reported in a forthcoming publication.
